Abstract. Aquaporin-9 (AQP9) is an aquaglyceroporin that acts as the adipose glycerol channel. However, the role of AQP9 in steatosis in non-alcoholic fatty liver disease (NAFLD) has not yet been fully elucidated. In the present study, the coding sequence of the AQP9 gene was obtained from LO2 cells by RT-PCR, and cloned into the pEGFP-N1 vector. Short hairpin RNA (shRNA) targeting the AQP9 gene was inserted into the pGenesil-1 vector. Recombinant plasmids were confirmed by enzyme digestion and sequence analysis, and transfected into cell models (derived from LO2 cells) of oleic acid-induced NAFLD. Our results demonstrated that AQP9 recombinant plasmids can be effectively expressed in cell models of NAFLD. Furthermore, in comparison with the control group, AQP9 overexpression significantly increased intracellular lipid content, triglyceride (TG), free fatty acid (FFA) and glycerol levels; however, the silencing of AQP9 exerted the opposite effects. Taken together, recombinant plasmids used to induce AQP9 overexpression and to silence AQP9 expression were successfully constructed. AQP9 overexpression aggravated the degree of steatosis; however, the silencing of AQP9 alleviated these effects. Based on these data, we suggest that AQP9 may serve as a novel molecular target for therapeutic intervention in NAFLD.
Introduction
Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of liver diseases pertaining to fat accumulation in the liver without significant alcohol consumption. It has become the leading cause of chronic liver injury in the Western world (1) . Currently, no effective treatments are available to treat NAFLD; thus, lifestyle modifications via diet and exercise are most commonly recommended (2) . Therefore, there is an urgent need to develop novel treatment options for preventing NAFLD. NAFLD is a clinicohistopathological entity characterized by lipid accumulation in the liver (simple steatosis) (3) . In hepatic steatosis, an excess amount of triglycerides (TGs) are acquired and accumulate in hepatocytes. The main sources of TGs are from fatty acids stored in adipose tissue and de novo lipogenesis of fatty acids within the liver (4) . Therefore, the role of hepatic glycerol uptake in the development of NAFLD warrants investigation.
Aquaporins (AQPs) are a family of membrane-bound, homotetrameric water channel proteins that allow the movement of water through cell membranes (5) . Thus far, 13 AQP subtypes have been identified in human (6) . Among these, AQP3, 7, 9 and 10 are subcategorized as aquaglyceroporins which permeabilize glycerol, as well as water (7) . AQP9 is expressed in a number of organs, but it is highly expressed in the liver (8) . It is thought to be the sole aquaglyceroporin subfamily expressed glycerol channel in liver cells and is localized at the sinusoidal plasma membrane that faces the portal vein (9) . However, the role of the AQP9 protein in the pathogenesis of NAFLD remains to be fully elucidated.
In this study, we constructed pEGFP-N1-AQP9 and pGenesil-1-AQP9-short hairpin RNA (shRNA) recombinant eukaryotic expression vectors, which were then transfected into cell models of oleic acid-induced NAFLD, then the expression of AQP9 was detected by RT-PCR and western blot analysis. We demonstrate that transfection with these plasmids can effectively increase and decrease AQP9 expression, respectively. We also demonstrate that high levels of AQP9 protein increase steatosis and that the silencing of AQP9 reverses this effect in cell models of oleic acid-induced NAFLD. Taken together, our results reveal that the downregulation of AQP9 represents a novel potential molecular target for therapeutic intervention in NAFLD.
Materials and methods
Construction of recombinant pEGFP-N1-AQP9 eukaryotic expression vector. Total RNA was extracted from the LO2 cells using RNAiso Plus (Takara, Dalian, China) and firststrand DNA was synthesized using the RT reagent kit (Takara) with random hexamer primers. The full length AQP9 cDNA was obtained by RT-PCR. The AQP9 nested PCR primer (forward, 5'-GATTTCGGGTTCTAAGTCGC-3' and reverse Aquaporin-9 downregulation prevents steatosis in oleic acid-induced non-alcoholic fatty liver disease cell models Establishment of oleic acid-induced NAFLD cell models. The 3rd passage LO2 cells (1x10 4 cells/well) were inoculated into a 96-well plate and cultured in RPMI-1640 supplemented with 10% fetal bovine serum in 5% CO 2 at 37˚C. The following day, cells were treated with 0, 10, 20, 30, 40 or 50 µg/ml of oleic acid (Sigma-Aldrich Corp., St. Louis, MO, USA) for 72 h, then the culture medium was discarded and the cells were washed three times in phosphate buffer solution, and 20 µl of MTT labeling reagent (0.5 mg/ml) (Sigma-Aldrich Corp.) were added to each well. The plates were then incubated for 4 h and 150 µl of dimethylsulfoxide was added. Optical density values were detected at the 490 nm wavelength. A cell model of NAFLD was induced by oleic acid. Each assay was performed in octuplicate.
Transfection of the recombinant pEGFP-N1-AQP9 and pGenesil-1-AQP9-shRNA eukaryotic expression vector into cell models of NAFLD.
Endotoxin-free plasmid was extracted using the E.Z.N.A. Endo-Free Plasmid Mini kit Ⅰ (Omega Bio-Tek Inc.). Cell models of Oleic acid-induced NAFLD were cultured in RPMI-1640 containing 10% fetal bovine serum at 37˚C in a humidified atmosphere of 5% CO 2 . Cells were passaged and transfected with endotoxin-free plasmid at 80-90% confluence using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. Cells were divided into eight groups: untreated, oleic acid, pEGFP-N1-AQP9, pEGFP-N1, pGenesil-1-AQP9-shRNA, pGenesil-1-scrambled-shRNA, pGenesil-1 and double-distilled water (ddH 2 O) group. Seventy-two hours after transfection, the expression of GFP was observed under an inverted fluorescence microscope and the cells were collected to conduct subsequent experiments.
RT-PCR analysis. Total RNA was isolated from each group by RNAiso Plus according to the manufacturer's instructions (Takara). cDNA was prepared using the RT reagent kit and RT-PCR was performed using AQP9 primer (forward, 5'-CTTTGGACGGATGAAATGGTT-3' and reverse, 5'-GAG TCAGGCTCTGGATGGTG-3') and β-actin was detected as an internal reference. Each assay was performed in duplicate.
Western blot analysis. Total protein was isolated from each group and the protein concentration was detected using the BCA protein assay kit (Beyotime Institute of Biotechnology, Hangzhou, China). Western blot analysis was performed using rabbit anti-human AQP9 polyclonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and rabbit anti-human β-actin polyclonal antibody (Biosynthesis Biotechnology Co., Ltd., Beijing, China), followed by incubation with HRP-conjugated goat anti-rabbit IgG (Biosynthesis Biotechnology Co., Ltd.). The proteins of interest were detected using BeyoECL plus reagent (Beyotime Institute of Biotechnology) following the manufacturer's instructions. Each assay was performed in duplicate.
Oil red O staining. Briefly, the culture medium was discarded and the cells were washed were washed three times in phosphate buffer solution, then fixed with 4% paraformaldehyde for 30 min and stained with 5% oil red O solution for 30 min. They were then washed with 60% isopropanol for 30 sec and then rinsed with ddH 2 O for 30 sec, counterstained with hematoxylin for 3 min, rinsed with ddH 2 O for 5 min, fixed with neutral balata, and then observed under an upright microscope. Each assay was performed in triplicate.
Determination of TG, free fatty acid (FFA) and glycerol levels. Briefly, the cells were washed with phosphate buffer solution three times and lysed by repeated freezing and thawing. Intracellular lipid content was determined using the TG assay kit (Beihua Kangtai, Beijing, China), FFA assay kit (Jiancheng Bioengineering Institute, Nanjing, China) and glycerol GPO-POD assay kit (Applygen, Beijing, China) according to the manufacturer's instructions. Each assay was performed in quintuplicate.
Statistical analysis. Statistical analyses were conducted using SPSS 17.0 software. Data are presented as the means ± standard deviation. One-way ANOVA was conducted to assess differences among groups. A P-value ≤0.05 was considered to indicate a statistically significant difference.
Results

Evaluation of RT-PCR product and recombinant pEGFP-N1-AQP9 eukaryotic expression vector.
The RT-PCR products were loaded on 1.5% agarose gels, and the band for full-length AQP9 cDNA was located at 888 bp (Fig. 1A) . After the AQP9 cDNA fragment was inserted into the pEGFP-N1 plasmid (5428 bp), pEGFP-N1-AQP9 recombinant plasmids were digested by restriction enzymes and separated on a 1% agarose gel. The positive plasmid was confirmed by DNA sequencing.
Our data demonstrated that after both pEGFP-N1-AQP9 and pEGFP-N1 were single and double digested, separately, the AQP9 band was detected in the double digested pEGFP-N1-AQP9, but not in pEGFP-N1, and the band of single digested pEGFP-N1-AQP9 was higher than that of pEGFP-N1 (Fig. 1B) . From sequencing analysis, there was a nonsense mutation at site 45: A→G. The sequencing map was as shown in Fig. 2 .
Evaluation of recombinant pGenesil-1-AQP9-shRNA eukaryotic expression vector. pGenesil-1-AQP9-shRNA recombinant plasmids were digested by restriction enzymes and evaluated with 1% agarose gel electrophoresis. The positive plasmid was confirmed by DNA sequencing. Τhe band of double digested and pGenesil-1-scrambled shRNA was higher than that of pGenesil-1 (Fig. 3) . Sequencing analysis confirmed that the inserted sequence was consistent with the expected sequence (Fig. 4) .
Optimizing the concentration of oleic acid by MTT assay.
To determine the optimal concentration of oleic acid for the induction of steatosis, the cell viability of the cell models of oleic acid-induced NAFLD was determined by MTT assay following treatment with oleic acid (0, 10, 20, 30, 40 or 50 µg/ ml) for 72 h. Τhe cell viability of the cells treated with >20 µg/ ml of oleic acid decreased and significantly decreased when the cells were treated with 50 µg/ml of oleic acid (Fig. 5) . Therefore, according to our results, 20 µg/ml of oleic acid was the optimal concentration for inducing steatosis; thus, we selected this dose for the following experiments.
mRNA and protein expression of AQP9 in cell models of oleic acid-induced NAFLD.
After the cell models of NAFLD were transfected with recombinant plasmids for 72 h, GFP protein expression was observed under an inverted fluorescence microscope. GFP was observed in the pEGFP-N1-AQP9, pEGFP-N1, pGenesil-1-AQP9-shRNA, pGenesil-1-scrambled shRNA and pGenesil-1 group, but not in the ddH 2 O, oleic acid or untreated group (data not shown). To determine the AQP9 mRNA and protein levels in the cell models of oleic acid-induced NAFLD, RT-PCR and western blot analysis were performed. RT-PCR revealed that the delivery of pEGFP-N1-AQP9 and pGenesil-1-AQP9-shRNA resulted in an approximately 70% overexpression and a 45% knockdown of mRNA levels compared with the empty vector group, respectively (Fig. 6A) . Western blot analysis revealed a corresponding change in AQP9 protein expression (Fig. 6B) . These results indicated that the recombinant plasmids were successfully transfected into the cell models of NAFLD and that the vectors, pEGFP-N1-AQP9 and pGenesil-1-AQP9-shRNA, were effective in increasing and suppressing endogenous AQP9 expression, respectively.
Intracellular lipid accumulation is dependent on AQP9
expression in cell models of NAFLD. To detect intracellular lipid accumulation, oil red O staining was performed. A large number of lipid droplets appeared jacinth with oil red O staining accompanied by lipid droplet fusion in the pEGFP-N1-AQP9 group; a small number of lipid droplets appeared jacinth and lipid droplet fusion was not as evident in the pGenesil-1-AQP9-shRNA group; in the oleic acid group, we also observed lipid droplet fusion, but no lipid droplets were observed in the untreated group (Fig. 7A) . These results indicate that oleic acid induces intracellular lipid accumulation in LO2 cells. AQP9 overexpression significantly aggravates intracellular lipid accumulation; however, the silencing of AQP9 alleviates this effect.
Content of TG, FFA and glycerol is depenentd on AQP9
expression in cell models of NAFLD. The content of TG, FFA and glycerol was significantly increased in the oleic acid group, compared with the untreated group (Fig. 7B) . Our data also demonstrated that the content of TG, FFA and glycerol was significant increased in the pEGFP-N1-AQP9 group compared with the oleic acid group, while it was significantly decreased in the pGenesil-1-AQP9-shRNA group compared with the oleic acid group. These results suggested that oleic acid increased the content of TG, FFA and glycerol. AQP9 overexpression induced a significant increase in TG, FFA and glycerol content; however, the silencing of AQP9 significantly reversed this effect. Taken together, these results suggest that AQP9 plays an important role in the progression of hepatic steatosis.
Discussion
NAFLD consists of a spectrum of pathological states ranging from the hepatic accumulation of lipids known as steatosis to non-alcoholic steatohepatitis, cirrhosis and ultimately, liver failure (10) . It occurs in children and adults of all age groups and both genders (11) . Its key feature is steatosis in the absence of pathologies, such as viral hepatitis or alcohol abuse (12) . By current estimations, NAFLD is perhaps the most common liver disease as it has a prevalence of 6-35% with a median of 20% according to a study on populations in several countries (13) . NAFLD is particularly associated with obesity, since the prevalence of steatosis is 57.5-74% in obese subjects from Japan and Italy (14) .
Concerning the pathogenesis of NAFLD, the most accepted theory is the 'two hit' hypothesis, in which the first hit involves the accumulation of hepatic TG, which in turn triggers the second hit, inflammation and oxidative stress (15) . An extended hypothesis proposed a decrease capacity of hepatic regeneration and the adverse effects of FFA lipotoxicity as the third hit (16, 17) . These data suggest that alleviating hepatocyte lipid accumulation is an effective therapeutic strategy to prevent NAFLD.
AQP belongs to the major intrinsic protein (MIP) family which can be classified as two types. One type is aquaporin which accounts for the majority of MIPs, including AQP1, AQP2, AQP4, AQP5, AQP6, AQP8, AQP10, AQP11 and AQP12, only permeable to water. The other type is aquaglyceroporin, including AQP3, AQP7, AQP9 and AQP10, permeable to not only water, but also urea, glycerol and even some inorganic ions (18) , which play an important role in regulating glycerol transportation and lipid metabolism. AQP9 is a protein channel highly expressed in the liver and is localized at the sinusoidal membrane (19) . It is thought to be the sole aquaglyceroporin subfamily expressed glycerol channel in liver cells (7, 9) .
In this study, we used gain-and loss-of-function approaches to determine the role of AQP9 in steatosis in cell models of oleic acid-induced NAFLD. Our results revealed that AQP9 overexpression significantly increased intracellular lipid content; however, the silencing of AQP9 had the opposite effect. These results are consistent with those from previous studies, showing that an abnormal increase in AQP9 expression leads to a large amount of glycerol entering hepatocytes and increased fat synthesis and accumulation, resulting in the formation of fatty liver (20, 21) . Glycerol uptake is significantly decreased in cultured astrocytes following transfection with AQP9-small interfering RNA (22) . The decreased expression of AQP9 in hepatocytes can effectively block the entry of glycerol into hepatocytes; therefore, targeting AQP9 may be used to prevent and treat NAFLD, which may provide a promising therapeutic strategy for NAFLD. Furthermore, AQP9 acts as an absorption channel for certain drugs. AQP9 has been shown to aid the transfer of the chemotherapeutic drug, arsenic trioxide (23, 24) . The enforced expression of AQP9 in the tumor cell membrane can effectively enhance the chemotherapeutic efficacy, reducing drug dosage and toxic effects; thus it may provide a novel treatment strategy for tumors (25, 26) . It has been reported that insulin suppresses AQP9 expression in H4IIE hepatocytes (27) . The treatment of rats with streptozotocin (STZ) has been shown to result in a 20-fold increase in AQP9 expression in the liver, which was blocked by the administration of insulin (28) . Moreover, insulin resistance is the key factor in the pathogenesis and potential evolution of hepatic steatosis, which is associated with increased peripheral lipolysis with the release of FFA from visceral fat, the hepatic uptake of FFA and hepatocellular TG synthesis and accumulation (29, 30) . Thus, the knockout of AQP9 may play an important role against insulin resistance.
In conclusion, in this study, we successfully constructed the pEGFP-N1-AQP9 and pGenesil-1-AQP9-shRNA recombinant eukaryotic expression vectors, which were then transfected into cell models (derived from LO2 cells) of oleic acid-induced NAFLD. Thus, AQP9 expression was effectively increased and suppressed, respectively. In addition, the overexpression of AQP9 significantly increased intracellular lipid content. By contrast, the knockdown of AQP9 exerted the opposite effect. Our findings provide evidence of the potential therapeutic effectiveness of AQP9 in NAFLD. Further studies are required to clarity the molecular mechanisms of action of AQP9 in lipid accumulation in NAFLD.
